Heterogeneous ribonucleoprotein A1 (hnRNP A1) is a prototype for the family of eukaryotic RNA processing proteins containing the common RNA recognition motif (RRM). The region consisting of residues 1-195 of hnRNP A1 is referred to as UP1. This region has two RRMs and has a high affinity for both single-stranded RNA and the human telomeric repeat sequence d(TTAGGG) n . We have used UP1's novel DNA binding to investigate how RRMs bind nucleic acid bases through their highly conserved RNP consensus sequences. Nine complexes of UP1 bound to modified telomeric repeats were investigated using equilibrium fluorescence binding and X-ray crystallography. In two of the complexes, alteration of a guanine to either 2-aminopurine or nebularine resulted in an increase in K d from 88 nM to 209 nM and 316 nM, respectively. The loss of these orienting interactions between UP1 and the substituted base allows it to flip between syn and anti conformations. Substitution of the same base with 7-deaza-guanine preserves the O6/N1 contacts but still increases the K d to 296 nM and suggests that it is not simply the loss of affinity that gives rise to the base mobility, but also the stereochemistry of the specific contact to O6. Although these studies provide details of UP1 interactions to nucleic acids, three general observations about RRMs are also evident: (1) as suggested by informatic studies, main-chain to base hydrogen bonding makes up an important aspect of ligand recognition (2) steric clashes generated by modification of a hydrogen bond donor-acceptor pair to a donor-donor pair are poorly tolerated and (3) a conserved lysine position proximal to RNP-2 (K 106 -IFVGGI) orients the purine to allow stereochemical discrimination between adenine and guanine based on the 6-position. This single interaction is well-conserved in known RRM structures and appears to be a broad indicator for purine preference in the larger family of RRM proteins.
Introduction
The RNA recognition motif (RRM), also referred to as the RNA binding domain (RBD), is comprised of w90 amino acid residues and is made up of a four-stranded b-sheet and two a-helices ( Figure 1 ). 1 RRM-containing proteins are typically involved in all aspects of RNA processing including splicing, alternative splice site selection, transport, and turnover. [2] [3] [4] Many proteins such as nucleolin and poly(A)-binding protein have more than one RRM. At present, the InterPro Database at EMBL lists 455 human proteins containing putative RRMs, making it the most common RNA binding motif. 5 Understanding the atomic basis for RRM specificity is an important step towards piecing together the puzzle of how numerous RRM-containing proteins compete for similar RNA sequences during alternative splice site selection and RNA processing. In addition, a fuller understanding of RRM-RNA interactions will provide the basis for engineering specificity in these motifs and permit their development as tools for investigating patterns of splicing and gene expression. 6 Heterogeneous ribonucleoprotein A1 (hnRNP A1) is a member of the abundant hnRNP family of nuclear proteins. 7, 8 HnRNP A1 has multiple roles in vivo and has been directly implicated in premRNA storage, alternative splicing, and RNA 2 . Two copies of UP1 form a crystallographic dimer to which the DNA binds in an antiparallel manner to RRM1 (residues 1-92) of the first copy of UP1 and then to RRM2 (residues 93-195) of the second copy of UP1. The circled region highlights the bases selected for these studies. (b) A closer view of RRM2 showing the general positioning of Ade9, Gua10 and Gua11 in relation to the highly conserved phenylalanine residues (Phe108 and 150) of the RNP consensus sequences found in RRM-containing proteins. Guide to modified bases used in these studies. Adenine (ade), guanine (gua), 7-deaza-guanine (7deazaG), 7-deaza-adenine (7deazaA), nebularine (neb), inosine (ino), 2-aminopurine (2AP). Arrows indicate positions that are good hydrogen bond donors or acceptors. The nomenclature of each modified oligonucleotide starts with the base to be substituted, followed by its position from the 5 0 end of the sequence 5 0 -d(TTAGGGTTAGGG)-3 0 , and then by the base substitution. transport to the cytoplasm. 2, [9] [10] [11] [12] [13] [14] The N-terminal two-thirds of hnRNP A1 contains two RRMs that have been shown to bind with high affinity to single-stranded RNAs. 15, 16 Partial proteolysis studies of hnRNP A1 showed that residues (referred to as UP1) retain high affinity for singlestranded nucleic acids and led to the elucidation of an approximately 90 amino acid residue repeat RNA binding motif now commonly called the RRM. 7, 8, 17, 18 More recently, both UP1 and hnRNP A1 have been shown to bind the human telomeric d(TTAGGG) n and mouse minisatellite d(GGCAG) n repeats through their N-terminal RRMs. [19] [20] [21] [22] [23] These G-rich DNA sequences form stable G-quadruplexes under a broad range of solution conditions and studies have shown that both hnRNP A1 and UP1 are able to denature both types of G-quadruplexes. 22, 23 The structure of UP1 bound to d(TTAGGG) 2 has been determined and shows that UP1 binds the human telomeric repeat as an extended single-stranded structure (Figure 1 ). 24 The ability to bind DNA in a sequence-specific fashion through two RRMs appears to be unique to hnRNP A1 and presents an opportunity to study nucleic acid recognition via modified DNA bases.
We have begun to investigate the nucleic acid recognition surface of UP1 using modified purines to assess the mechanisms of ligand recognition ( Figure 2 ). Hydrogen bonding from protein mainchain carbonyl and amide groups to nucleic acid bases are abundant in RNA-protein interactions but cannot be addressed by site-directed mutagenesis of the protein. Informatic analysis of available structures has indicated that main-chain interactions are a prominent feature of RNA recognition and make up about one-third of base-specific hydrogen bonding interactions. [25] [26] [27] Main-chain atoms interact with bases by forming a close fit, which may aid in building a nucleotide recognition pocket based both on hydrogen bonding and the shape of the base. The RRM also has a pair of consensus sequences, RNP2 (L-F/Y-V/I-G-N/D-L) and RNP1 (G-F-G-F-V/I-polar-F) whose stacking interactions between aromatic amino acid residues and RNA bases are highly conserved. These sequences are also essential to building a conserved nucleotide recognition surface that puts the base edge in position to make specific interactions to the protein.
In addition to examining a role for main-chain recognition in RRMs, we have examined the broader role of specific hydrogen bonding interactions from protein side-chains. Molecular dynamics has suggested that certain highly ionized bidentate interactions, such as lysine or arginine to the N7/O6 position of guanine, are likely to be much stronger than non-ionized interactions, such as asparagine to the N7/O6 of guanine. 28, 29 Both Tregor et al. and our own studies have shown that ionized hydrogen bonding interactions from lysine and arginine to the guanine N7/O6 are statistically over-represented. 25 The role of these highly specific interactions in positioning and binding nucleic Table 1 . Data collection and structure determination statistics of UP1-oligonucleotide complexes acids is important to understanding RNA recognition. Experimental investigation into these interactions provides both validation and further insight for future studies into the mechanism of ligand recognition for this important class of proteins. Here, we have used modified purines to investigate how bases are positioned and how binding affinity is correlated to the proper alignment of sequence-specific contacts. The atomic basis for nucleic acid recognition was examined by a combination of X-ray crystallographic and equilibrium fluorescence binding studies. This combination proved invaluable for evaluating how subtle changes, such as the loss of a single hydrogen bonding interaction, affect nucleic acid recognition. In addition to specific hydrogen bonding patterns, studies have shown that steric exclusion 30 and protein dynamics are also important for RNA recognition. 31, 32 Recent work in our laboratory and others' suggests that UP1, along with other well understood RRM proteins such as U1A, 32 can provide excellent experimental systems for shown making hydrogen bonding contacts to the Arg178 guanidinium group through its N7 (2.7 Å ) and from the mainchain carbonyl of Lys179 (3.0 Å ). Ade9 is stacked directly over the conserved Phe108 of the RNP2 consensus sequence. (b) The UP1-A(9)Neb structure showed no substantive changes in either protein or DNA structures. The absence of the N6 amino group allowed the base to move slightly closer to Arg178 (2.5 Å ). (c) UP1-A(9)7deazaA structure shows a large conformational rearrangement of the Arg178 side-chain. The Arg178 guanidinium group shifted 9.1 Å away from its position in the wild-type structure where it makes contacts to the O2 of Thy8 and N7 of Ade9 to make a new set of contacts to Glu93. All electron density Figures were made using PYMOL (DeLano Scientific, CA). deconvolution of sequence-specific nucleic acid interactions in the RRM family of proteins.
Results
Determination of UP1-oligonucleotide structures X-ray crystallography was used to determine the structures of UP1 bound to modified telomeric DNA sequences. As shown in Table 1 , we were able to obtain moderately high-resolution structures for eight of the nine complexes. All eight structures showed only localized changes to atomic positions in either the protein or DNA ( Table 1 ) and indicated that the modifications did not alter the global structure of the complex. As shown in Figures 3-5 , 2F o KF c composite omit maps were used to identify changes in structure at the region where the modified nucleotides contact the protein surface. Clearly interpretable electron density was obtained for all the modified oligonucleotides except in the case of UP1-G(10)Neb where the modified nucleoside had electron density consistent with high mobility and multiple conformers. The UP1-G(10)2AP structure clearly demonstrated a conformational change from syn to anti when 2-amino-purine is substituted for guanine.
Binding studies of UP1 complexed to modified oligonucleotides using fluorescence of
The affinity of UP1 for modified DNAs was determined by a competition assay in which UP1 bound to a fluorescent oligonucleotide containing 6-methyl-8-(2-deoxy-b-ribofuranosyl)isoxanthopteridine, or 6-MI, d(TTAGG(6-MI)TTAGGG) was challenged by non-fluorescent oligonucleotides of interest. 23 In a previous study, we have shown that incorporation of 6-MI into the telomeric repeat sequence at position 6 puts the fluorescent base into a completely solvent-exposed position with no base to UP1 contacts. 23 Formation of the UP1-d(TTAGG(6-MI)TTAGGG) complex resulted in a w200% increase in emission at 430 nm when excited at 340 nm. The strength of the emission is advantageous for recording the moderately weaker binding isotherms we expected from our modified oligonucleotides.
Using the native d(TTAGGG) 2 sequence as a competitor we have measured an affinity of 88 nM in 300 mM NaCl, 20 mM Hepes (pH 7.4) ( Figure 6 ), which is in good agreement with earlier measurements of UP1 affinity for telomeric DNA sequences. 22, 23 The results of the competition binding assays of UP1 for each modified sequence are shown in Figure 6 and Table 2 . The range of measured affinities varied from an increase in affinity for G(10)Ino (59 nM) to a nearly tenfold decrease for G(10)A. Few general trends can be ascertained from these binding data without an appropriate structure of the complex upon which to base them. Given that the affinity of UP1 for the sequence d(TTAGGG) 2 is approximately 1000-fold stronger than that for a comparable non-specific single-stranded sequence 15 and involves many contacts to the DNA bases, it is not surprising that our intentionally modest changes have not produced dramatic changes in affinity. The range of affinities observed is consistent with the effects expected from the loss of one to two non-ideal hydrogen bonding interactions.
Circular dichroism (CD) of modified oligonucleotides
The telomeric repeat d(TTAGGG) n forms a stable G-quadruplex structure under a wide range of pH and ionic conditions. 23, [33] [34] [35] [36] Although UP1 is a potent destabilizer of these G-quadruplex structures, their formation and stability would be a potential challenge when comparing dissociation constants from modified oligonucleotides, because each would have varying degrees of quadruplex stability. Since we wished to compare the relative affinities of our modified oligonucleotides, we used circular dichroism to quantify the ability of each oligonucleotide to form stable G-quadruplexes in the concentration range of our fluorescence studies. 34 If an oligonucleotide formed a G-quadruplex, then melting of the structure would be required for UP1 binding and could result in underestimation of the affinity, compared to an oligonucleotide that did not form a stable quadruplex.
The telomeric G-quadruplex formed by d(TTAGGG) n has a characteristic spectrum ( Figure 4 ) and is readily distinguished from single-stranded DNA. The human telomeric repeat d(TTAGGG) 2 forms a G-quadruplex with characteristic positive peaks at 295 nm and 250 nm, and a small negative peak at 266 nm. 34 Heat denaturation of the G-quadruplex at 45 8C (Figure 7(a) ) induces changes in the CD spectra that reduce the positive peak at 295 nm to near baseline and shift the peak at 250 nm to around 260 nm. As shown in Figure 7 , all of our oligonucleotides with modifications at Gua10 and 11 abrogated G-quadruplex formation, thus allowing a reliable comparison of their relative affinities. These data, as well as a previous study, have shown that incorporation of 6-MI into position 6 also destabilizes the G-quadruplex structure. 23 The structure of the human telomeric repeat has been determined and suggests that Ade9 is not directly involved in the formation of the planar G-quadruplex interactions, but rather is looped out into solvent. 36 Our CD studies agree with the structure, in that modifications to Ade9 did not prevent formation of a stable G-quadruplex (Figure 7(b) ), whereas modifications of Gua6, 10 and 11 do. Substitution of Ade9 did reduce 295 nm peak intensity to approximately half of that seen for d(TTAGGG) 2 and suggests that the modifications at Ade9 have somewhat reduced the stability of the G-quadruplex.
Discussion
The complex and varied contacts responsible for sequence-specific RNA recognition by the RRM family of proteins are a rich source of insights into the atomic basis for RNA recognition by proteins.
The secondary structure of the RRM is characterized by a babbab-fold in which the four b-strands make a relatively flat, anti-parallel b-sheet that forms most of the nucleic acid binding surface ( Figure 1) . Many of the base-specific contacts made between RRMs and nucleic acids are from b-strand 4 and residues at the C terminus. One of the characteristic features of the RRM is a highly conserved set of residues that form the RNP consensus sequence found in b-strands 1 (RNP2: makes a new contact to the N1 position and all contacts to the main-chain carbonyl of Leu181 are lost. (d) UP1-G(10)Neb shows greatly weakened electron density for nebularine and indicates increased base mobility consistent with the syn and anti conformers. (e) The UP1-G(10)Ino structure is essentially unchanged compared to wild-type complex. Two of the most highly conserved residues within the RNP consensus sequences are solvent-exposed aromatic residues that make stacking interactions with nucleic acid bases (Figure 1(b) ). Alignment of putative RRMs in the Conserved Domain Database 37 reveal that the conserved stacking aromatic amino acid residues in RNP2 are either phenylalanine (42%) or tyrosine (30%) and in RNP1 is phenylalanine (71%). These stacking interactions are conserved independent of target RNA or DNA sequence and play an important role in positioning the base as part of the ligand recognition surface. 24, [38] [39] [40] [41] Since these highly conserved stacking interactions are found in all the available RRM structures, they suggest a common and clearly important aspect of RNA recognition.
Adenine 9 recognition
In the native UP1:d(TTAGGG) 2 structure, the base of Ade9 is stacked over Phe108 and makes two hydrogen bonds from the N7 to the Arg178 guanidinium group (2.7 Å ) and from N6 to the main-chain carbonyl of Lys179 (3.0 Å ) (Figure 3(a) ). Arg178 also makes a hydrogen bond to the O2 of Thy8.
Substitution of Ade9 with nebularine removes the N6 amino group and changes N1 from a hydrogen bond acceptor to a donor (Figure 3(b) ). This substitution has only modest effects on structure and UP1 affinity. The loss of the N6 to Lys179 main-chain carbonyl interaction results in a small reduction in affinity to 109 nM. Any interpretation of the change in affinity must also take into account the observation that loss of the N6 amino group allows the nebularine to make a closer contact with Arg178 (2.5 Å ) and presumably helps compensate for loss of the main-chain interaction.
Very different results were obtained upon substitution of Ade9 with 7-deaza-adenine. 7-Deazaadenine changes the N7 to a carbon and eliminates the ability of residue 9 to serve as a hydrogen bond acceptor (Figure 2 ). This substitution changes the binding affinity from 88 nM to 319 nM and moves the Arg178 side-chain away from the base into an alternate interaction with Glu93 more than 9.5 Å away. The void left by the movement of Arg178 is filled, in part, by a water (Figure 3(c) ). Globally, the position of the 7-deaza-adenine is nearly identical to that of the Ade9 wild-type structure (Figure 3(c) ). More of the affinity appears to be associated with the Arg178 to adenine N7, than the N6 to Lys179 carbonyl hydrogen bond. However, it is clear that the combination of main-chain to N6 and stacking of Ade9 on Phe108 are sufficient to restrain the base into its wild-type position without the interaction of Arg178. These results point out the importance of the stacking and main-chain interactions for ligand positioning.
The dramatic repositioning of Arg178 suggests that a steric clash between the hydrogen of the 7-deaza carbon and Arg178 guanidino group, together with the loss of the favorable interaction to the adenine N7, induces Arg178 to find a new and more favorable interaction with Glu93.
Guanine10 recognition
The nucleotide recognition surface of UP1 for Gua10 is comprised of a stacking interaction from Phe150 and two sequence-specific hydrogen bond contacts ( Figure 4) . The 3-amino group of Lys106 makes bidentate hydrogen bonds to N7 (3.0 Å ) and O6 (3.5 Å ) of Gua10. Gua10 also makes a hydrogen bond from N1 to the main-chain carbonyl of Leu181 (2.6 Å ) (Figure 4 ). The carbonyl of Leu181 could also make a more distant (3.3 Å ) interaction to the N2 but the geometry is not optimal. Although Lys106 is proximal to both the O6 and N7 of Gua10, a lower map contour shows that stronger electron density exists for the O6 to Lys106 hydrogen bond (not shown).
The structure and binding studies of UP1 bound to G(10)7deazaG showed a substantial decrease in affinity (296 nM), but no significant change in position of the bases or UP1 (Figure 4(b) ). The 3-amino group of Lys106 is better poised to make contact with the O6 (2.7 Å from 3.5 Å in the wild-type structure), but the loss of the bidentate interaction to the purine N7 has led to a measurable decrease in affinity (Table 2) . Despite the lowered affinity, the combination of the monodentate Lys106 interaction to O6, Leu181 main-chain to N1, and stacking interaction with Phe150 are able to maintain the position of G(10)7deazaG.
The UP1 to G(10)2AP and G(10)Neb structures both exhibit dramatic changes in base position (Figure 4(c) and(d) ). In the case of G(10)2AP, loss of the guanine O6 and change of N1 to a hydrogen bond acceptor causes 2AP to flip into an anti conformation. Despite rotating nearly 1808 about the glycosidic linkage, binding is down only 2.4-fold largely because the 3-amino group of Lys106 can now make a good hydrogen bond to the N1 of 2-aminopurine (2.7 Å ). All potential contacts from N1 and N2 to the carbonyl of Leu181 are lost as a new set from the N2 to Glu135 are made (2.7 Å ). A water-mediated hydrogen bond from N7 to the carbonyl of Leu181 is also formed. Substitution of Gua10 with nebularine addresses the potential contribution of the N1, N2 and O6 for positioning Gua10. The UP1-G(10)Neb structure suggests that the nebularine base has become substantially more mobile than G(10)2AP and may flip between syn and anti conformers. Figure 4(d) shows that the electron density for nebularine is substantially disordered and indicates increased base mobility. The G(10)Neb has a 3.6-fold decrease in binding, presumably because there is no O6 for Lys106, or N1 for Leu181, to contact as previously shown in the syn conformation. Like G(10)2AP, the nebularine base does have a viable N1 hydrogen bond acceptor and shows a similar positioning of the 3-amino group of Lys106. Steric clashes make it unlikely that Lys106 could contact an adenine N1 in vivo. Atomic clashes between the adenine N6 amino group and the N1 position in the anti, or the N7 position in the syn conformation, would seriously limit adenine binding to the RRM at this position. Although we did not produce crystals of the UP1-G(10)A complex, we were able to show that the increase in K d for G(10)A is higher than that of any of the modified bases. Therefore Lys106 is an excellent candidate to discriminate against adenine in either the syn or anti conformer.
Substitution of Gua10 with inosine removes the potential Leu181 carbonyl to N2 interaction. Our studies showed a modest increase in affinity (59 nM), but no effect on overall base position, which suggests that loss of the putative N2 contact (3.3 Å ) has only a minimal affect (Figure 4(e) ). It is likely that the N1 position which is closer (2.6 Å ) and in a better geometric position to contact the carbonyl of Leu181, is more important to recognition than N2. The increase in affinity might be due to the inability of G(10)Ino to form stable Gquadruplexes. A shift in the G(10)Ino to a more single-stranded population would undoubtedly facilitate UP1 binding to the ligand and account for the higher affinity.
Guanine 11 recognition
Instead of stacking upon the conserved aromatic residues of the RNP motif, Gua11 stacks between Gua10 and 12 ( Figure 1(b) ). The only direct contact between Gua11 and UP1 is from the main-chain amide of Lys183 to the O6 atom of the base (2.7 Å ) ( Figure 5 ). Removal of the potential main-chain to O6 hydrogen bond was investigated by two substitutions; inosine and 2-aminopurine. G(11):Ino had no discernable changes in overall position, and an increased affinity for UP1. Again, the inosine substitution abrogated the G-quadruplex formation normally found in the d(TTAGGG) n and may increase the observed affinity slightly (Figure 7) . The UP1-G(11)2AP structure shows a clear void where the O6 was present in the wild-type structure. The stacking of Gua11 between Gua10 and 12 partly stabilizes its position in the absence of any direct contacts from UP1. However, the electron density for 2-aminopurine is much weaker, and loss of this single mainchain hydrogen bond allows significant base mobility. This is readily seen in the average temperature factors for the 2-amino-purine (B aver Z61.3 Å 2 ) compared to the wild-type guanine (B aver Z28.4 Å 2 ). Electron density for Gua12 in the G(11)2AP structure is also significantly weaker, and suggests that Gua11 has become more mobile and, as a consequence, partially disrupts stacking to the neighboring base. The binding of G(11)2AP was reduced (229 nM), presumably from the loss of the O6 to main-chain amide interaction, and makes clear that non-ionized main-chain contacts can be important determinants in binding.
General conclusions
Sequence-specific contacts are made via complementary hydrogen bond donor-acceptor relationships and by steric exclusions that position van der Waals contacts close to the base. Using base modifications, we have probed the RRM recognition surface to determine the essential attributes of purine discrimination for UP1 in this important class of RNA binding proteins.
Several conclusions can be drawn readily from our studies. As expected, complementary hydrogen bonding donor-acceptor relationships are key components of purine discrimination. The potential importance of main-chain contacts to nucleic acids, especially RNA, has been suggested by informatic analyses of high resolution structures. 25, 26 Our experimental results with G(11)2AP clearly support an important role for these contacts that agrees with informatic and molecular modeling studies. 25, 28, 29 Main-chain atoms are generally not as mobile as side-chains and thus moving the polypeptide mainchain to avoid a clash is likely to be more difficult than a side-chain. The potentially higher energetic cost to moving a region of main-chain may provide additional base discrimination.
We have found that in addition to appropriate complementation by hydrogen bond donoracceptor groups, a key feature to discrimination is the steric repulsion that often precludes positioning of two hydrogen bond donors proximal to each other. The clash of the 7-deaza hydrogen with those of Arg178 in the UP1-G(10)7deazaG structure is similar to the type of clashes generated by positioning the guanine N1 (a donor) into a position normally occupied by the adenine N1 (an acceptor). The frequency of adenine N1 recognition is second only to that of the N6 position, and is usually made by a main-chain amide (47.5%). 25 In contrast, the guanine N1 is poorly utilized (fourth in frequency), in part, due to being less accessible, but perhaps also because pairing a hydrogen bond acceptoracceptor pair in proximity, though unfavorable, does not have the power of a steric clash for discrimination. A good example of steric exclusion in another RRM can be seen in the structure of poly(A)-binding protein, where the positioning of close contacts to C2 of three of the adenine bases would preclude binding of guanine (pdb: 1CVJ).
The most dramatic effects on base mobility and affinity for UP1 were seen in substitutions that removed all specific hydrogen bonding interactions to UP1 such as G(10)Neb, G(10)2AP and G(11)2AP. In these cases, base stacking between the conserved aromatics of the RNP and non-polar contacts were unable to position the base. In contrast, substitution of A(9)7deazA and G(10)deazaG resulted in reduced affinity, but the base still maintained its position because at least one specific contact was maintained.
Our results are in good qualitative agreement with ab initio quantum chemical predictions that suggest ionized amino acid to base interactions have substantially higher interaction energies than those involving uncharged side-chain and mainchain atoms. 29 Ab initio interaction energies calculated between 28 possible bidentate interactions to four unpaired RNA bases have suggested that the lysine to guanine N7/O6 is the strongest interaction and is wtwo to threefold higher than comparable bidentate interactions made between uncharged side-chains such as asparagine residues. 29 This is consistent with our previous informatic studies that showed lysine is second in frequency only to arginine in making contacts to guanine. 25 Our results for G(10)7deazaG show that loss of an amino to N7 contact, while maintaining the O6 hydrogen bond, reduced affinity 3.4-fold and corresponded to a loss of about w1.0 kcal/mol. Conversion of a bidentate interaction at Gua10 to a monodentate interaction to O6 for G(10)7deazaG has therefore induced a loss of affinity on par with the loss of a single non-ionized main-chain interaction in G(11)2AP. This supports computational studies suggesting that ionized bidentate interactions are particularly useful both for positioning bases and for affinity. 29 One of the most interesting general findings from these studies is a potentially conserved role for Lys106, two residues N-terminal to the stacking aromatic of RNP-2 (K 106 -IFVGGI). In RRM2 of UP1, Lys106 contacts Gua10 and was shown to be a critical determinant in specificity. The equivalent position in RRM1 is Lys15 and contacts the Gua4 O6. It is interesting to note that the analogous positions for Lys15 and 106 in poly(A)-binding protein are occupied by Ser10 and Asn100, which contact the N6 of adenine. It would seem that this position, two amino acid residues before the first highly conserved aromatic residue of RNP2, may signal the preferred purine. Based on sequence alignment, lysine and arginine are present at this position 37% of the time, whereas asparagine is found 21%, and supports the notion that this position provides a key side-chain for purine discrimination in RRMs.
1 Human U1A, U2B 00 and Drosophila melanogaster SXL all bind pyrimidines at the position equivalent to Gua10 and we could not discern any readily usable consensus for the proteins that bind pyrimidines.
Analysis of purine recognition in UP1 by X-ray crystallography and equilibrium fluorescence has proven to be a useful experimental approach for the testing and validation of the principles governing nucleic acid recognition in the RRM-containing family of proteins. Many of the predictions from informatic and molecular dynamics studies are eminently testable in UP1. Taken together with comparable biophysical studies using a variety of approaches with other RRM-proteins such as U1A, 32 we should expect significant progress towards engineering RRMs for use as tools for dissecting pathways of splicing and gene regulation in eukaryotes.
Materials and Methods
Purification of UP1 and oligonucleotides UP1 was expressed and purified as described. 23 Oligonucleotides that did not contain modified bases were obtained commercially from either IDT or MWG Biotech Inc. and those that contained modified bases were obtained from TriLink Biotechnologies. Oligonucleotide purification was performed as described by Myers et al. 23 
Crystallization conditions
Crystals of UP1-DNA complexes were grown from initial protein concentrations of 0.8 mM. The UP1-DNA molar ratio was unique for each crystal but was generally higher for modified complexes (1:1.5-1:1.7) than for the native UP1-d(TTAGGG) 2 complex (1:1-1:1.2). Oligonucleotides were mixed with UP1 and incubated on ice for 1.5 hours prior to crystallization setup. Crystals were grown using the hanging-drop vapor diffusion method at 10 8C and the initial ratio of complex to precipitant in the drop was typically z1:3.0 for the modified oligonucleotides. The precipitant used in the UP1-A(9)7deazaA complex was 28-32% PEG 1550, 50 mM Tris (pH 8.1), 50 mM NaCl, while all other complexes mentioned here crystallized in 1.8-2.2 M dibasic ammonium phosphate, 15% (v/v) glycerol, 100 mM Tris (pH 8.5). All drops required streak seeding 48 hours after setup and diffraction quality crystals took from 3 to 5 days to grow.
Data collection and structure solution
Diffraction data for the UP1-A(9)7deazaA, UP1-A(9)Neb, and UP1-G(10)7deazaG complexes were collected on a Rigaku Jupitere CCD detector with Osmic Mirrorse. Data for UP1-G(10)Neb, UP1-G(11)Ino, and UP1-G(10)2AP were collected on a Rigaku R-Axis IVCCe. Data for UP1-G(10)Ino and UP1-G(11)2AP were collected at the CHESS A1 beam line on an ADSC Quantum IV Detector. All crystals diffracted to at least 2.2 Å with at least 89% overall completeness. Table 1 shows statistical evaluations of the data and molecular model quality. All complexes crystallized in space group P4 3 2 1 2 with similar unit cell dimensions of aZbZ52 Å , cZ172 Å and two copies of the complex in the asymmetric unit.
Data were indexed and scaled using either d * TREK 42 or DENZO and SCALEPACK 43 and the structures solved in CNS 44 by molecular replacement using the structure described by Ding et al. (2UP1) as a search model. 24 Modified bases were built starting from energy minimized structures 45, 46 and parameterized for CNS using XPLO2D. 45 
Competition fluorescence titrations
Competition binding experiments were performed using an SLM 8100 spectrometer (SLM Instruments) with polarizing filters (08 excitation and 908 emission).
UP1 and d(TTAGG(6MI)TTAGGG), a fluorescent analog of the hTR sequence that uses 8-(2-deoxy-b-ribofuranosyl)isoxanthopteridine in the Gua6 position, 23, 47, 48 were mixed at equimolar concentrations of 150 nM in 20 mM Hepes (pH 7.4), 300 mM NaCl, and incubated on ice for at least 1 hour prior to the experiment and allowed to warm to 25 8C in a 1 cm path length stirring quartz cuvette. Competitor oligonucleotides were diluted from stock concentrations of 5 mM to 150 mM and brought to a final volume of 400 ml in 20 mM Hepes (pH 7.4), 300 mM NaCl with 150 nM UP1-d(TTAGG(6MI)TTAGGG) mixture so that the total concentration of UP1 and d(TTAGG(6MI)T TAGGG) did not change during the titrations. The competitor oligonucleotides were titrated into the cuvette to compete with the fluorescent oligonucleotide from UP1 and the loss of signal was recorded. 23 Excitation and emission wavelengths were 340 nm and 430 nm, respectively, and all four emission and excitation band-passes were set to 8 nm. Measurements were taken using a 10 seconds time base with five measurements for each titration and 450 seconds between titrations.
The average of the five measurements taken at each titration point was used to fit the Hill equation using the program IgorPro (Wavemetrics, CA). The apparent K d of the competitor oligonucleotide was determined by identifying the IC 50 point and from the fitted Hill equation where total binding was the signal of the UP1-d(TTAGG(6MI)TTAGGG) complex without the competitor, and non-specific binding was the saturated signal at the end of the titration. Apparent K d of the competitor oligonucleotide was determined using K d of the equilibrium binding constant for the UP1-d(TTAGG(6MI)T TAGGG) complex. This K d Z130 nM was determined using a "forward titration" as described.
23,49

Circular dichroism
Data were collected on an Aviv Model 62A DS Circular Dichroism Spectrometer. Samples for CD were made up at 2 mm in 300 mM NaCl, 20 mM Hepes (pH 7.4) at 25 8C in a 1 cm path length quartz cell. Spectra were taken over the wavelength range 220-320 nm in 1 nm steps using a 10 seconds averaging time per point. Three measurements were made at each step and averaged. The samples were corrected for buffer effects by subtraction of a matched 20 mM Hepes (pH 7.4), 300 mM NaCl solution.
